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ABSTRACT

We present the possibility to replace the first-stage reverse osmosis (RO) seawater by nanofil-
tration (NF) membranes. Then, we tested few membranes in the laboratory (NF200, NF2540,
MPS44, and MPS34) on synthetic and natural seawater, for 2.6 m? membrane area pilot. We
observed that the membrane NF200 is the best membrane from all tested due to its higher
productivity with 1.8Lh'm2bar ! and its higher salt rejection with 60%. Furthermore, as
expected, NF200 filtration of natural seawater permits to decrease SDI; to a value of 4+2%/
min and total organic carbon under 0.1 mg/L, eliminating totally the risk of biofouling devel-
opment on second-stage RO treatment. The configuration NF200-SW30 gave the best energy
gain with 29%. The permeate obtained presents a total dissolved solids of 324 ppm and the
flow yield ratio increase of 16%, in reference to SW30-SW30 configuration. Also, we tested
the limits of ROSA™ simulation, especially for NF membranes. We observed lots of flaws,
especially for high pressures and high salts concentrations. As a consequence, each simula-
tion realized for NF must be validated by experiments on real seawater to a sufficient scale
and during sufficient time of experiments.

Keywords: Membrane; Reverse osmosis; Nanofiltration; Mass transfer modeling; Simulation;
Pretreatment; Seawater

1. Introduction

Water is necessary to all human activities on Earth.
Resources decrease in some places of the globe and
the significant increase of human population intensi-
fies the need for water and the availability issue. Two
new technologies are implemented to produce water
for human consumption from seawater: thermal and
reverse osmosis (RO) membrane processes.

RO technique is the most used (Fig. 1). But
the main issue with RO is its great sensitivity to

*Corresponding author.

(bio)fouling that impacts on the membrane lifetime
and therefore on the process costs [1]. The present
work gathers first a comprehensive bibliographic
review on the positioning of NF as pretreatment prior
to RO and describes in detail the initial work done in
this field relating to the creation of the first plant in the
world, Umm Lujj in Saudi Arabia [2]. We will also
detail the experience of seawater NF for the prepara-
tion of isotonic/hypertonic waters for human diet
[34]. NF was also very well developed in few fields of
application, as reported by Schifer et al. [5].
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Fig. 1. Installed plant in the world for water desalination
technics.

The work will report also seawater NF to replace
RO seawater at its first stage. To validate such
research, we conducted simulation with ROSA™
software and the predictions obtained were compared
to experimental results on artificial (NaCl solution of
35g/L) and real seawater collected at Le Croisic
(Loire-Atlantique, west of France).

2. Background

Twenty years ago, the high price of desalting mem-
branes has limited their applications to very low brack-
ish waters (under 5g/L of total salinity) and limited
their development to small filtration plants, with low-
pressure RO, that is, the membrane BW30, purchased
by Dow (US) company. Today, the ability of novel NF
membranes for a more selective demineralization of
salty solutions using low costs materials makes it an
interesting technique in many respects [6-10]. Then, we
have decided to compare an old generation of thin film
composite NF membrane (denoted NF70) with a novel
generation of sulphonated (-SO; polypyperazine
amide membrane (denoted NF200) developed espe-
cially to decrease by half the well-known softening

properties of NF for the elaboration of drinking water
from the river Oise, (West of Paris, France) [11]. We
proposed presently to study the membrane NF200 as
seawater RO pretreatment.

Previous studies conducted in the beginning of the
twenty-first century compared NF membranes with
RO for seawater pretreatment to replace the usual first
pass of RO [2]. Furthermore, the authors have
reported the interest of NF as a selective demineraliza-
tion between monovalents/divalent ions, that is, Na™,
Ca*, and Mg"" separation [10].

3. Material and methods
3.1. Simulation parameters

We used two versions of the software ROSA™,
6.0 and 7.2. This simulator is based on a model of
mass transfer denoted solubilization—diffusion, ideal
for dense RO membranes.

The operating parameters of the simulations con-
ducted are reported in the Tables 1 and 2.

3.2. Seawater quality

First, we used a NaCl solution at 35g/L and we
extended the simulation to real seawater with the
average Atlantic seawater, as detailed in the Table 3.

3.3. Pilot design

The RO/NF laboratory pilot
described in the Fig. 2.

The transmembrane pressure changed between 0 to
30+ 1bar. A dozen membranes were disposable in our
laboratory. We tested all those membranes and reported
presently only the acceptable results (see Fig. 3).

elements are

Table 1

Operating parameters of the simulator ROSA™ in the case of modules of size 2540 (2.6m” of membrane geometrical
area)

Parameters Signs Values Units
Flow rate of feed Qo 0.6 m’h™!
Concentration in NaCl [NaCl] 35.000 mgL~!
Transmembrane pressure applied AP 1-35 bars
Temperature T 20 C

pH pH 7.6 /
Pump efficiency / 80 %o
Number of stages / 1 /
Number of module by tube / 1 /
Number of tube per stage / 1 /
Module type / 2,540 (membrane area 2.6 m?) /
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Table 2
Operating parameters for pilot scale simulations in reference to Umm Lujj plant

NFo0 NF200 XLE SW30 NF Umm Lujj RO Umm Lujj
First stage 1 (E1) per pressure vessel
Qo (m°/h) 13.33 13.33 13.33 13.33 13.33 522
P (bar) 35 35 35 65 25 65
TDS feed (ppm) 35.112 35.112 35.112 35.112 45.460 45.460
Qp (m*/h) 4.29 6.72 3.52 6.37 8.67 1.57
Y (%) 32 50 26 48 65 30

SW30 SW30 SW30 SW30 RO Umm Lujj RO Umm Lujj
Second stage 2 (E2) per pressure vessel
Qo (m®/h) 4.29 6.72 3.52 6.37 19.50 7.71
P (bar) 10 30 8 52 64 30
TDS feed (ppm) = TDS perm. E1 4,140 13,098 2,217 426 28,260 -
Qp (m*/h) 2.09 3.97 2.11 1.85 11.3 6.6
Y (%) 49 59 60 29 58 85
Table 3
Seawater mineral composition of Atlantic Ocean
Cations Concentrations (ppm) Anions Concentrations (ppm)
Sodium Na* 10,770 Chlorides CI™ 19374.14
Magnesium Mg** 1,290 Sulfates SO3~ 2,712
Calcium Ca** 412.1 Bicarbonates HCO; 140
Potassium K* 399 Carbonates CO3~ 5.884
Strontium Sr** 7.9 Fluorides F~ 1.3

TDS=35,112.3 ppm

We maintained all membranes in a solution of
sodium bisulfite at 1% in order to prevent them from
biofilm growth The Table 4 presents the studied mem-
branes whose results are presently reported.

Before experiments, the membranes were cleaned
by means of standard procedures to remove preserva-
tives and rinsed with UP MilliQ water (Millipore,

Motor Feed flowmeter

Switch on/off

Pressure regulator
Module NF/OL, SW

Pump Permeate
Concentrate

Feed tank

Fig. 2. Pilot for laboratory scale experiments equipped
with membrane module 25-40.

France) until the conductivity of the permeate
remained below 1pS/cm. The temperature was main-
tained at 20°C.

3.4. Seawater sampling

Seawater was sampled in the port of «Le Croisic »,
a little town in Loire-Atlantique (west of France, in
the French Brittany), as illustrated in the Fig. 4.

Fig. 3. Membranes modules 2,540 stocked in 1% sodium
bisulfite solution (photography J.-5. Derauw, 05/04/2011).
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Table 4

Characteristics of the tested membranes

Membrane type Company Type
SW30 Dow Filmtec Ol
NF200 Dow Filmtec NF
NF2540 Dow Filmtec NF
XLE Dow Filmtec Ol
MPS44 Kiryat Weizmann Ltd. NF
MPS34 Koch NF

S (m?) Product name Serial number
2.8 SW30-2540-F A8418718

2.6 NF200-2540 F3996982

2.6 NF2540 -

2.6 - Simulation only
1.6 MPS-44-2540-B2-X 1,656

1.6 MPS-34-2540-B2-X -

Fig. 4. Photographies of seawater sampling in Le Croisic (France).

GPS coordinates of sampling were:

e Latitude: 47° 17" 38,09 Nord
¢ Longitude: 2° 30'32,07"" Ouest

Days and hour of sampling: 5 June 2011 at 10h
am, 4 January 2012 at 10h am, and 26 January 2012 at
9h am.

4. Results and discussion
4.1. Preliminary results

In this first part, we reported some previous
results [3,4] obtained in our group on seawater, com-
paring NF70 and NF200 membrane, at a pilot scale
(membrane area 2.6m?®) to propose a one-step opera-
tion under 25 bars for the elaboration of personal
body washing solutions (salinity near 9g/L) and dedi-
cated to thalassotherapy.

In the same study, we prepared also very high
concentrated solutions (total salinity around 70g/L)
with a high concentration of Ca*, Mg2+, Zn%*, and
others biologically active ions for thalassotherapy
centers or also for home bath washing. Then, the
possibilities of NF reducing both the overall salinity of
natural salting waters lead the way for potential

applications in the field of human health (i.e. prepara-
tion of nasal sprays, medical dietetics, and hot mineral
springs).

In 2002, our studies have extended the range of
NF applications to seawater with a permeate flux
obtained five times higher in NF than RO with a criti-
cal pressure attained (10 bars) three times lower than
the theoretical osmotic pressure of 28 bars (see Fig. 5).

Our main objective was to validate NF operations
in two of more filtration stages for the preparation
of isotonic solutions (total salinity around 9g/L).

| K]
oz

//

Permeite Flux

L

0 10 20 30

40 .p (bars)

Fig. 5. Comparison of NF and RO permeability to seawater
(from Pontié et al. [3]) NF90 and ESPA3 membranes.
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Table 5
Permeate and concentrate solutions compositions elaborated from seawater with NF70 and NF200 membranes (from [4])

Seawater Isotonic permeate after Isotonic permeate after 4 stage NF70

1 stage NF70 (25bar) NF200 (each step 10bar) concentrate

Total salinity, g/L 35 9 9 70
Na", mg/L 10,490 3,980 4,012 19,870
Ca**, mg/L 407 14 26 1,090
Mg**, mg/L 1,075 26 4 ND*
*ND =not determined.
The results reported in Table 5 have confirmed the 0.000
very open possibilities of NF to elaborate isotonic 0.800 pp——— —8
water from seawater. Using NF70 membrane, the 0.700 __._,-_--—"‘
operation occurred only in one-stage filtration for a - =g
transmembrane pressure of 25bar with 2m® mem- s i e —a— Caldum
brane area. NF200 membrane has shown a four-stage § 0,500 T— —=—Magnasium |
filtration under 10 bars, each stage to reach the same &' 0400 —+—Sodum  —
objective. We reported also in the Table 5 the com- 0.300
positions of the permeates obtained at 9g/L and the 0.200 —— —
concentrated solutions of the first NF70 stage in 0.100 +—— e niil
terms of total salinity, sodium, calcium, and magne- 0.000 . i
sium concentrations. 5 10 15 20

Further results illustrating the selectivity observed
in NF70 membranes with the ions Mg2+, Ca®* and
Na™. The rejection order followed very well the Hof-
meister serie of the hydration energy, that is, Mg’
*>Ca®*>Na*. It means that NF70 predominant mass
transfer is a solution diffusion, like RO (see Fig. 6).

On the contrary, the selectivity between Ca”** and
Mg”* has been inversed, as reported by [11] on sur-
face water treatment, with the NF200 membrane. The
authors have attributed the higher affinity of the
NF200 membrane for calcium to the presence of sul-
phonated functions grafted on the membrane surface.
We observed the same inversion with the same mem-
brane on seawater [4].

+ NF200
m NF2540
4+ MP544

* MP534

Jv{L/h.m?)

AP (bar)

P (bar)

Fig. 6. Monovalent/divalent ions selectivity in NF70
membrane seawater (from Pontié et al. [4]).

4.2. Choice of the best NF membrane for seawater

The Fig. 7 (left) reports the permeate flow evolu-
tion vs. pressure, as the Fig. 7 (right) reports the reten-
tion vs. transmembrane pressure, for the four studied
membrane, with a synthetic solution of NaCl at a con-
centration of 35g/L.

MPS44 and MPS34 show the lowest permeabilities
(Lp") with the values of 0.53 and 1.0Lh 'm ?bar ',
respectively. NF200 and NF2540 show the higher ones

65% 5 a0 .
. 1NFS40 W
% T o ——
45 - MPS34 .’/./- _“_F_H-";’_"
g ."/.'/g‘lu:=i
- 3% 4 /!nf-
o
%A
/
5%
3 05w 15w 5 N K
4P (bar)

Fig. 7. Jy=f (AP) and R=f(DP) for the studied membranes (NaCl 35g/L, feed flow 600L/h, temperature 20°C, flow yield

ratio 1-10%, module 2,540 (membrane area 2.6 m?).
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Hydraulic permeabilities (Lp") and salt rejection (R) at 30 bars for the tested membranes (NaCl solution of 35 g/L)

Table 6

NF200 NF2540
Lp’ (Lh 'm ?bar ) 1.8+0.2 1.6+0.2
R (%) (30 bar) 60 52

MPS44 MPS34 SW30
0.53+0.05 1.0+£0.1 0.67 +0.05
52 40 98

with 1.8 and 1.6Lh 'm *bar !, respectively, as
reported in the Table 6.

Retention of salts is also an essential parameter to
discriminate membranes. As expected, the SW30 pre-
sents the higher retention with a value at 98% for a
pressure of 30 bars. The membrane NF200 shows a
value at 60% and the others membranes have lower
salt retention.

To conclude, the NF200 after the essays with the
membrane in our laboratory is a good candidate to
replace SW30.

4.3. NF200 tests in first-stage desalination of real seawater

We tested the membrane NF200 in a first stage
of seawater desalination, as RO pretreatment, mode-
lizing the first module of a tube of six modules (see
Fig. 8).

We determined the following parameters:

¢ Silt density index (SDI).
¢ Total organic carbon (TOC).
¢ Turbidity.

as reported in the Table 7. We pre-filtered seawater on
1 micrometer membrane nominal pore size, before
nanofiltration (NF) operation.

SDI;s was not measurable on natural seawater.
Then, we determined the SDI;, as usually preconized
[8]. Initially, we obtained a value of 19+2%/min on
direct seawater, value in the range of others natural
seawater in the world with SDI; reported between 5
and 35%/min. Furthermore, pre-filtration to 1
micrometer has no influence on the fouling properties
of seawater, SDI stays constant, but the turbidity in

Table 7

—EH T

Fig. 8. Head module of a tube (module NF200 2540).

the same time decreases from 9.7 to 2.2. Maybe larger
particles than SDI membrane pore size (0.45m) are
retained but without influencing SDI values. NF200
filtration of seawater permits to decrease the SDI; to a
value of 4+2%/min. Furthermore, due to the very
low TOC in the NF200 permeate (<0.1 mg/L), the bio-
fouling development on the RO membrane of the sec-
ond pass should be very Ilimited. But, as a
consequence, the durability of NF membranes will
depend on the pretreatments developed before, as
also encountered in Mery/oise [11] where the main
problem is the biofouling due to total retention of
BDOC (biodegradable dissolved organic carbon) by
the membrane NF200 itself.

4.3. Limits of ROSA™ model in NF

The present study focused on the assessing of NF
performance as a pretreatment for seawater before
RO, for increasing the lifetime of RO membranes by
decreasing transmembrane pressure and thereby the
cost of desalination operation. NF of seawater is then
examined vs. RO, both through laboratory experi-
ments and assisted by the simulator ROSA™. But as
well known, ROSA™ software is based on a solution
diffusion model of mass transfer and this mechanism
is predominant in RO only, but not in NF where the
active layer present some microporosities. We have

Measurements of SDI, TOC, and Turbidity on seawater and after NF

Seawater without pre-filtration

SDI; (%/min) + 2 19

SDI5 (%/min) + 2 Not determined
TOC (ppm) 1.12+0.04
Turbidity (NTU) + 0.1 9.7

Seawater pre-filtered on 1 pm Permeate NF

21 4
Not determined 3
0.81+0.03 <0.1
2.2 <0.5
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not considered charges interactions because in the
presence of seawater, as well known, all the electro-
static forces are screened.

We observed a hydraulic permeability higher
experimentally with 1.9+0.1Lh 'm *bar ' as the
simulation gives a value of 1.1+0.1Lh 'm ?bar .
At the zero permeate flux J,, we determined the
critical pressure of the different membranes studied,
as reported in a recent article [10]. In the case of
SW30, the critical pressure is the theoretical osmotic
pressure of seawater (around 25 bars), and as for
the simulation and experiments of the NF200 mem-
brane, this value changes from 9 to 7 bars, respec-
tively.

The major explanations of the differences observed
on the Fig. 9 are:

* In the case of RO vs. NF, the presence of micropo-
rosity in NF explains well the higher productivity
in NF/RO.

¢ In comparison between simulation and experimen-
tation for the NF200 membrane, the main explana-
tion is based on the limit of ROSA’s model to
dense membrane, based on a pure solution diffu-
sion mass transfer.

As observed in the Fig. 10, after 10 bars, the differ-
ences between experiments and simulations increase
dramatically. At 30 bars, total dissolved solids (TDS)
is 10gL ™" in simulation and 19gL ™" from the experi-
ments. If the simulator ROSA™ is very efficient for
big plants design in RO, in NF, a lot of defaults are
well observed, especially for high pressures and high
salts concentrations in solution.

As previously reported [10], the mass transfer
model SKK (Spiegler Kedem Katchalsky) is very

45
40| ¢ NF200 Sim
35| NF200 Exp
«— 30| | ® SW30Sim y=1.12x- 9,02
R =
v.E' o5 | R 0,99
<
< 20| y=187x-10,72
o R? = 0,99
S 15¢
10}
y =0.997x - 23,45
5 R?=0,99
0 : ; ‘ ‘
0 79 10 20 25 30 40 50

AP (bar)

Fig. 9. Permeate flow vs. transmembrane pressure for
NF200 experiments with natural seawater and simulation
in comparison with simulation of the SW30.

35000
A
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. 25000 - 2
® o 4
[ A
g 20000 2 )
@ 15000 - b
*
=
10000 F 5
*
5000 F
0 i ) L 4 . y )
0 5 10 15 20 25 30 35
AP (bar)

Fig. 10. TDS=f (AP) in a 1 stage NF200.

well adapted to explain different behavior between
NF and RO. A solute mass transfer in NF and RO
operations can be described by the Eq. (1), based
on the following hypothesis: no polarization concen-
tration occurred, no charge on the membrane sur-
face, and also no variations of the permeate
concentration vs. time (steady-state flow well estab-
lished):

]s = ]pcp = ]Diff +]pcconv (1)

where | is the solute flow, [, is the solvent flow,
Jpige the solute flow due to diffusion, and Ceopny. iS
the solute concentration in the permeate due to con-
vection.

The above equation can be rearranged, as recently
reported [10]:

1
Cp = ]Diff -+ Cconv (2)
Jp

From plot of C,, vs. 1/],, each part of solute mass
transfer (solution diffusion and convection) may be
obtained separately.

This model was applied recently and for the first
time by Ould moahmedou et al. [10] to demonstrate
that an old RO membrane used for seawater desalina-
tion acquired after two years a convective mass trans-
fer component, illustrated by an increase in
membrane permeability and a dramatic decrease in
the salts retention. The same approach can be pres-
ently applied by considering that experiments NF is
equivalent to an old RO membrane, as simulation
results are based on a pure solution diffusion model.
Then, the graph C,=£(1/],) can be used to discrimi-
nate simulations with experiments for the NF200
membrane.
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Fig. 11. Evolution de la concentration en perméat en fonction de l'inverse du flux de perméat (NF200 en simulation et

expérimentation; SW30 en simulation).

Table 8

Comparison of NF200, XLE, NF90, and SW30 in terms of hydraulic permeability, critical pressure, retention of TDS, slope

of Cp :f(l /]v)/ and CConv

Parameters/membrane NF200 exp.

Hydraulic permeability (Lh~'m 2bar ') (z0.1) 1.9
Pc (bar) (£1) 7

Retention 35 bars (%) 35
Slope for C,=£(1/],) (molm >h™") 1.99
Cconv (g/1) 0.250

NF200 simul. NF90 simul. XLE simul. SW30 simul.
1.1 1.0 1.6 0.9

9 19 22 29

80 20 97 99

1.57 0.47 0.20 0.08

0.100 0.050 0.007 0

From the Fig. 11, the following parameters have
been determined:

¢ hydraulic permeability, critical pressure, retention
at 35 bars, Jpi¢ and Cony. All those data were also
determined for the membranes XLE, NF90, and
SW30. All data are reported in the Table 8.

From the Table 8, we can classify the different
membranes studied for the different parameters deter-
mined:

e In terms of hydraulic permeability, the following
order was observed: NF200 > XLE > NF90 > SW30.

* In terms of mass transfer convection, the following
order was observed: NF200 > NF90 > XLE > SW30.

The graph of the Fig. 11 is indeed very useful to
classify the membranes and could facilitate the choice
of the best membrane for a done application.

Also, we tested the limits of ROSA™ simulation,
especially for NF membranes. A lot of defaults are
well observed, especially for high pressures and high
salts concentrations in solution.

Furthermore, do not forget that simulation using
ROSA™ software is limited in NF. As a consequence,
each simulation must be validated by experiments to
do on real seawater to a sufficient scale and during
sufficient time of experiments.

4.4. Simulation of different NF-RO configurations

Based on the data of the first realization in the
world, pretreating seawater by NF in replacement to
RO (Umm Lujj, Saudi Arabia) different configurations
NF-SW30 was compared to this plant operation.

The Fig. 12 reports the flow sheet of Umm Lujj
plant built in Saudi Arabia in 2002.

The design of two-stage membrane desalination
unit developed in Umm Lujj is detailed in the Fig. 13.
We simulated the following different NF-RO configu-
rations: NF200-SW30, NF90-SW30, XLE-SW30 in refer-
ence to SW30-SW30. All the results obtained in terms
of energy and water quality are resumed in the
Fig. 14.

To do the best configuration choice, we compared
the different possibilities in terms of energy gains and
water quality, in reference to SW30-SW30. NF200-SW30
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Fig. 12. Global design of Um Lujj (Saudi Arabia) realization [12].
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Fig. 14. Flow yield ratio, energy gains, and TDS retention
for the different studied configurations.

gives the best energy gain with 29% and the permeate
obtained presents a TDS of 324 ppm. Furthermore, this
configuration shows a gain of 16% for the flow yield

Perméat de

Etage 2 : SW30 I'installation

|

—— 00 000000000000

ratio. But as observed in Umm Lujj configuration NF-
O], a gain in flow yield of 8% is observed. In the case
of NF200 simulation, the convective part was not
taken into account and then we can project a flow
yield ratio more important. We observed also that a
gain in flow yield ratio correlates with a loose in
water quality. The opposite result with the configura-
tions NF90-SW30 and XLE-SW30 is observed where a
gain in water quality is associated with a decrease in
water productivity. So, the best balance must be opti-
mized for each situation.

5. Conclusion

We present the possibility to replace the first-stage
RO seawater by NF membranes. Then, we tested few
membranes in the laboratory (NF200, NF2540,
MPS44, and MPS34) on synthetic and natural seawa-
ter, for 2.6m? membrane area. We observed that the
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membrane NF200 is the best membrane from all
tested due to its higher productivity with
1.8Lh 'm ?bar ' and its higher salt rejection with
60%. Furthermore, as expected, NF200 filtration of
natural seawater permits to decrease SDI; to a value
of 4+2%/min and TOC under 0.1 mg/L, eliminating
totally the risk of biofouling development on second-
stage RO treatment.

The configuration NF200-SW30 gave the best
energy gain with 29%. The permeate obtained pre-
sents a TDS of 324ppm and the flow yield ratio
increase of 16%, in reference to SW30-SW30 configura-
tion.

Also, we tested the limits of ROSA™ simulation,
especially for NF membranes. We observed lots of
flaws, especially for high pressures and high salts con-
centrations. As a consequence, each simulation real-
ized for NF must be validated by experiments on real
seawater to a sufficient scale and during sufficient
time of experiments.

As a perspective, others configurations must be
tested: NF90-SW30 and XLE-SW30 where a gain in
water quality is associated with a decrease in water
productivity. We have to find the optimized parame-
ters for each configurations.
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